• tert-Butylhydroquinone (TBHQ), a food additive, is assumed to be bioactive.
Introduction
Tertiary butylhydroquinone (TBHQ, Chemical Abstracts 1948-33-0) is a food additive that possesses antioxidant activity. 1 The European Food Safety Authority has evaluated the toxicity of TBHQ and determined safe levels of TBHQ as a food additive. 2 At concentrations less than 0.02%, TBHQ extends the shelf life of edible fats and oils. 3 In addition, beneficial actions of TBHQ as an antioxidant have been reported as follows. Under in vitro conditions, TBHQ exhibited protective actions on neuroblastoma SH-SY5Y cells against 6-hydroxydopamine-induced oxidative stress, on rat striatal slices damaged by quinolinic acid, on PC12 cells suffering oxidative stress caused by NaF, and on human keratinocytes under arsenicinduced stress. [4] [5] [6] [7] TBHQ under in vivo conditions ameliorated testicular toxicity of dibromoacetonitrile, inflammation following brain injury in mice, brain injuries after both subarachnoid and cerebral hemorrhage in mice, and doxorubicin-induced cardiotoxicity. [8] [9] [10] [11] [12] Thus, it is expected that TBHQ will have clinical applications. However, there is controversy regarding the safety of TBHQ because cytotoxic and/or DNA-damaging effects of TBHQ have also been documented. [13] [14] [15] [16] Therefore, it is important to accumulate information on TBHQinduced adverse actions under in vitro and in vivo conditions in order to ensure its safe use.
Recently, it was reported that TBHQ elevated [Zn 2+ ] i in 16HBE cells, stabilizing nuclear factor erythroid 2related factor 2 as a result by inhibiting phosphatase activity. 17 Our previous studies have shown that Zn 2+ is a determinant of cytotoxicity induced by clotrimazole, H 2 O 2 , polysorbate 80, and zinc pyrithione. [18] [19] [20] [21] [22] For example, ZnCl 2 significantly potentiated the cytotoxicity of H 2 O 2 while a chelator of intracellular Zn 2+ almost completely abolished it. 20 Thus, the various cellular actions of TBHQ should be explored. In this study, we used flow-cytometric techniques with fluorescent dyes to examine the cytotoxic actions of TBHQ in rat thymocytes.
Second, we examined the cellular actions of TBHQ that were presumably related to the mechanism of cytotoxicity. Finally, the range of concentrations of TBHQ transitioning from -5-benefit to toxicity was explored.
Materials and methods

Chemicals
TBHQ was purchased from Tokyo Chemical Ind. (Tokyo, Japan). The purity was 99.1%. 23 The zinc concentration in distilled water was 3. Thymocytes spontaneously undergo apoptosis during the prolonged incubation. 24, 25 Experiments, including cell preparation, were performed within 8 h after the dissection of thymus from experimental animals to avoid possible contribution of spontaneous apoptosis.
Therefore, the treatment time of TBHQ should be within 5 h.
Fluorescence measurement
Fluorescence of membrane and cellular constituents was measured with a flow cytometer (CytoACE-150; JASCO, Tokyo, Japan) by using fluorescent dyes, and analyzed using the JASCO software package. 20, 26 Chemical reagents, except for fluorescent dyes, exhibited no fluorescence under the experimental conditions described. To assess cell lethality, 5 µM PI was added to the cell suspension. Because PI stains the DNA of dead cells, the fluorescence detected provides information on cell lethality. Phosphatidylserine (PS) exposure on outer membrane surfaces, a phenomenon occurring during the early stages of apoptosis, was examined via annexin V-binding. 27 The cells were treated with FITC-labeled annexin V (10 µl/mL) for 30 
Results
Effect of TBHQ on cell lethality
The cells were treated with various concentrations of TBHQ (1-100 µM) for 3 h.
TBHQ at 100 µM increased the population of cells with PI fluorescence (Fig. 1A and 1B ).
TBHQ at 30 µM or less did not increase the population (Fig. 1C) . Thus, a small but significant increase in cell lethality was observed in the case of 100 µM TBHQ while the treatment with 1-30 µM TBHQ for 3-4 h did not significantly increase the cell lethality.
( Figure 1 near here) -8-
Effect of TBHQ on forward and side scatters
Effects of TBHQ on forward and side scatter were examined since the cytotoxic actions of some chemicals that induce apoptosis are associated with changes in these indicators (cell size and density, respectively) as assessed via flow cytometry. Treatment of cells with 100 µM TBHQ for 3 h slightly decreased the intensity of forward scatter and profoundly raised the intensity of side scatter ( Fig. 2A) . TBHQ at 30 µM or less for 3 h did not affect the intensity of forward scatter, although the agent at 100µM significantly attenuated forward scatter (Fig. 2B) ,
indicating a decrease in cell size. As to the effect on side scatter, TBHQ at 30-100 µM significantly raised the intensity of side scatter while it was not the case for 10 µM TBHQ ( 
TBHQ-induced increase in living cells with exposed PS
The attenuation of forward scatter in the presence of 100 µM TBHQ suggested cell shrinkage (Fig. 2B ). Cell shrinkage is one of the initial events in apoptosis. 29 PS exposure on outer membrane surfaces, one of events during early stage of apoptosis, was detected using annexin V-FITC. 27 Treatment with 100 µM TBHQ for 3 h profoundly increased the number of living cells with FITC fluorescence (Fig. 1A) . The cell suspension contained a small amount (216.9 ± 14.4 nM) of zinc from the cell preparation process. 23 To identify the source of Zn 2+ responsible for the increase in intracellular Zn 2+ levels by TBHQ, the effects of 3 µM ZnCl 2 and Zn 2+ chelators (10 µM DTPA and 10 µM TPEN) on TBHQ-induced changes were examined (Fig. 3C) begins to atrophy by early teens. It is also the case for rat. 37 Since many people are concerned about the adverse effects of compounds on the health of their children, the results obtained from thymocytes scientifically draw interest of people.
Cellular adverse actions of sublethal levels of TBHQ
Treatment with 30 µM TBHQ significantly augmented the intensity of side scatter of rat thymic lymphocytes (Fig. 2) . It was shown that the staining with PI correlated with changes in forward and side scatter characteristics (decreased and increased intensity, respectively). These changes occurred because the dead cells stained with PI became smaller and more granular. 38 However, 30 µM TBHQ significantly increased side scatter intensity without affecting forward scatter in cells that were not stained with PI. It is not surprising that cytotoxic chemicals affect some cellular parameters in viable cells before or during cell death. In the presence of 30-100
µM TBHQ, exposure of PS on outer membrane surfaces of living cells was detected as augmented side scatter intensity (Fig. 2) . Thus, TBHQ at higher concentrations may induce apoptosis in rat thymocytes.
TBHQ elevated [Zn 2+ ] i (Fig. 4) . The threshold concentration of TBHQ to increase [Zn 2+ ] i (Fig. 4) was lower than those to augment the intensity of side scatter (Fig. 2) and to increase the number of cells expressing PS (Fig. 3) . In the presence of ZnCl 2 , TBHQ further elevated [Zn 2+ ] i (Fig. 4) . Excessive increase in [Zn 2+ ] i has been reported to induce oxidative stress. 22, 39 Since TBHQ greatly decreased the cellular content of GSH (Fig. 5) , the ability to buffer intracellular Zn 2+ seems to be lost. Therefore, the influx of Zn -13-
Clinical consideration
From in vitro and in vivo studies , [4] [5] [6] 9, 11 it is proposed that TBHQ is used as a therapeutic agent for brain disorders induced by oxidative stress and hemorrhage-associated brain injuries.
In this in vitro study, the threshold concentration of TBHQ to induce possible adverse effects was 30 µM. Since the range of concentrations of TBHQ from benefit to toxicity under in vitro conditions may be 10-30 µM, it may be desirable that blood concentration of TBHQ does not
There are experimental limitations on the interpretation on our results. Experiments were carried out within 5 h (short period) because of rat thymocytes that are spontaneously undergo apoptosis during prolong incubation. 24, 25 Therefore, the primary use of present results would be in understanding cytotoxicity in primary thymocytes under these specific applications although the results may reveal new aspects of adverse TBHQ action.
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